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A  novel  acid-base  polymer  membrane  is  prepared  by  doping  of  imidazolium  polysulfone  with  phosphoric 
acid  for  high  temperature  proton  exchange  membrane  fuel  cells.  Polysulfone  is  first  chloromethylated, 
followed  by  functionalization  of  the  chloromethylated  polysulfone  with  alkyl  imidazoles  i.e.  methyl 
(MePSU),  ethyl  (EtPSU)  and  butyl  (BuPSU)  imidazoliums,  as  revealed  by 1 H  NMR  spectra.  The  imidazolium 
polysulfone  membranes  are  then  doped  with  phosphoric  acid  and  used  as  a  proton  exchange  membrane 
electrolyte  in  fuel  cells.  An  acid  doping  level  of  about  10-11  mol  H3PO4  per  mole  of  the  imidazolium 
group  is  achieved  in  85  wt%  H3PO4  at  room  temperature.  The  membranes  exhibit  a  proton  conductivity 
of  0.01 5-0.022  S  cm-1  at  1 30-1 50  °C  under  1 5  mol%  water  vapor  in  air,  and  a  tensile  strength  of  5-6  MPa 
at  130  °C  under  ambient  humidity.  Fuel  cell  tests  show  an  open  circuit  voltage  as  high  as  0.96  V  and  a 
peak  power  density  of  175-204  mW cm-2  at  1 50  °C  with  unhumidified  hydrogen  and  air  under  ambient 
pressure. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  past  decade,  great  efforts  have  been  made  to  develop 
proton  exchange  membranes  (PEMs)  operating  at  temperatures 
above  100°C  and  at  lower  relative  humidities.  The  advantages  of 
higher  operational  temperatures  include  the  enhanced  CO  toler¬ 
ance  of  anodic  catalysts,  potentially  improved  electrode  kinetics 
and  simplified  thermal  and  water  managements  [1-4].  Several 
approaches  have  been  explored  to  develop  such  membranes.  Com¬ 
posite  membranes  based  on  perfluorosulfonic  acid  membranes 
such  as  Nafion  and  inorganic  fillers  such  as  Si02  and  Ti02  were 
approved  to  be  able  to  improve  water  retaining  and  therefore  allow 
for  extension  of  the  operational  temperatures.  Another  approach 
is  use  of  non-aqueous,  low  volatile  solvents  for  solvation  of  the 
membranes,  e.g.  ionic  liquids,  which  have  recently  attracted  great 
attention  due  to  their  anhydrous  high  conductivity,  good  thermal 
stability  and  other  favorable  physical  properties  [5-8]. 

Complexation  of  a  polymeric  base  and  an  inorganic  acid,  on  the 
other  hand,  is  an  effective  method  to  develop  high  temperature 
PEM,  where  a  basic  polymer  acts  as  a  proton  acceptor  like  in  a  nor¬ 
mal  acid-base  reaction  forming  a  macromolecular  ion  pair.  From 
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proton  conducting  mechanism  points  of  view,  phosphoric  acid  (PA) 
is  of  special  interest  because  it  can  generate  both  proton  donor 
(acidic)  and  proton  acceptor  (basic)  groups,  even  in  an  anhydrous 
form,  to  form  dynamic  hydrogen  bond  networks,  in  which  pro¬ 
tons  can  readily  transfer  by  hydrogen  bond  breaking  and  forming 
processes,  as  rationalized  by  Kreuer  et  al.  [9-1 1  ].  Other  important 
features  of  phosphoric  acid  include  excellent  thermal  stability  and 
low  vapor  pressure  at  elevated  temperatures. 

Basic  polymers  bearing  basic  sites  like  ether,  alcohol,  imine, 
amide,  or  imide  groups  have  been  proposed  in  earlier  investiga¬ 
tions  including  polyethyleneoxide  (PEO),  polyacrylamide  (PAAM), 
poly(vinylpyrrolidone)  (PVP),  polyethyleneimine  (PEI)  and  others, 
as  well  reviewed  by  Lassegues  [12].  A  success  was  achieved  when 
polybenzimidazole  (PBI)  was  first  used  [13]  due  to  its  high  conduc¬ 
tivity,  good  mechanical  properties  and  excellent  thermal  stability 
[14-16].  Fuel  cells  and  related  technologies  have  been  demon¬ 
strated  with  operating  features  such  as  little  humidification,  high 
CO  tolerance,  better  heat  utilization  and  possible  integration  with 
fuel  processing  units  [17-19].  To  further  improve  the  doping  level 
and  the  consequent  proton  conductivity,  a  sol-gel  process  has  been 
developed  and  received  significant  attention  [20-22]. 

To  optimize  the  membrane  properties,  high  molecular  weight 
polymers  are  desirable  in  order  to  achieve  mechanically  stable 
membranes  at  higher  acid  doping  levels  and  therefore  high  pro¬ 
ton  conductivities.  High  molecular  weight  PBI,  on  the  other  hand, 
has  poor  solubility  and  processibility  for  membrane  casting  [23]. 
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In  addition,  the  toxicity  of  3,3/,4,4/-tetraaminobiphenyl  (TAB),  the 
commonly  used  monomer  for  synthesis  of  PBI,  is  also  of  concern 
[2].  To  look  for  alternative  polymeric  materials,  Scott  et  al.  have 
investigated  quaternized  polymers  with  good  acid  doping  abili¬ 
ties  [24-27].  He  et  al.  recently  reported  phosphoric  acid  doped 
high  temperature  PEMs  based  on  sulfonated  polyetheretherketone 
(SPEEK)  [28]  and  Nation  [29]  by  introduction  of  an  ionic  liquid 
cation  of  l-butyl-3-methylimidazolium  (BMIm). 

Polysulfone  (PSU)  is  a  thermally  stable  polymer,  which  has  super 
mechanical  strength,  chemical  resistance,  excellent  solubility  in 
polar  solvents  and  low  cost.  It  has  been  used  as  a  proton  exchange 
membrane  operating  below  80  °C  by  sulfonation  [30,31]  or  as  an 
anion  conducting  membrane  by  quaternization  [32-34]  or  quater¬ 
nary  phosphonium  [35].  In  the  present  work,  chloromethylated 
polysulfone  (CMPSU)  was  first  synthesized,  onto  which  imida- 
zolium  groups  were  introduced  in  a  similar  way  as  that  for 
imidazolium  based  ionic  liquids  [36,37].  Alkyl  imidazoles  including 
methylimidazole,  ethylimidazole  and  butylimidaozle  were  used  as 
both  the  reagent  and  the  solvent  for  CMPSU  in  order  to  investigate 
the  effect  of  different  alkyl  side  chains  on  properties  of  membranes. 
The  imidazolium  groups  were  expected  to  provide  functional  sites 
in  the  macromolecular  chain  for  the  acid-base  interaction  with 
the  doping  phosphoric  acid.  The  membranes  based  on  phosphoric 
acid  doped  imidazolium  polysulfone  (ImPSU)  were  systematically 
characterized  including  fuel  cell  tests  at  temperatures  up  to  150°C 
without  humidification. 

2.  Experimental 

2. 1.  Synthesis  of  imidazole  polysulfone 

As  shown  in  Scheme  1,  the  synthetic  procedure  of  ImPSU 
consists  of  chloromethylation  and  imidazolium  quaternization 
reactions.  CMPSU  was  previously  synthesized  by  a  Friedel-Crafts 
like  reaction,  as  developed  by  Avram  et  al.  [38].  The  carcinogenic 
chloromethyl  methyl  ether  used  in  the  literature  [32,33,39]  was 
replaced  by  paraformaldehyde  and  chlorotrimethylsilane  as  the 
chloromethylating  agents.  Alkyl  imidazoles  including  methylimi¬ 
dazole  (Melm),  ethylimidazole  (Etlm)  and  butylimidazole  (Bulm) 
were  purchased  from  Sigma-Aldrich  and  were  used  as  both  the 
reagent  and  the  solvent  for  the  synthesis  of  a  series  of  imida¬ 
zolium  polysulfone  polymers.  An  example  of  synthesis  of  Melm 
modified  CMPSU  is  as  follows.  0.6  g  CMPSU  polymer  was  dissolved 
in  lOmL  methylimidazole  at  room  temperature  in  a  two-neck 
round-bottom  flash  with  a  magnetic  stirrer.  The  mixture  was 
refluxed  at  70  °C  for  48  h  in  an  argon  atmosphere.  The  reaction 
solution  was  then  filtered  with  a  Buchner  filter  funnel  and  kept 
for  membrane  casting.  Thus  obtained  Melm  modified  CMPSU  was 
referred  to  as  MePSU.  Similarly  Etlm  and  Bulm  modified  CMP- 
SUs  (herein  referred  to  as  EtPSU  and  BuPSU,  respectively)  were 
synthesized  at  80  °C  under  refluxing  in  an  argon  atmosphere 
for  48  h. 

2.2.  Fabrication  of  membranes 

Membranes  were  fabricated  by  solution  casting  of  the  above 
polymer  solutions  onto  Petri  dishes,  followed  by  drying  at  60-80  °C 
for  4  days.  The  resultant  membranes  were  then  peeled  off  and 
immersed  in  distilled  water  at  80  °C  for  1  h  and  finally  dried  at 
120°C  for  6h. 

Acid  doping  of  the  membranes  was  achieved  by  immersing  the 
membranes  in  concentrated  (85  wt%)  H3P04  solutions  at  room,  or 
elevated  temperatures  in  order  to  obtain  the  desired  acid  doping 
levels  (ADLs).  The  ADL  of  a  membrane  is  defined  as  the  molar  num¬ 
ber  of  H3PO4  molecules  per  mole  of  the  imidazolium  group  in  the 


membrane  and  was  calculated  from  mass  changes  of  the  membrane 
sample  before  and  after  doping: 

ADL=(  mg  x  DS  jx(-98-j  (1) 

where  mA  and  mB  are  the  mass,  in  gram,  of  the  membrane  after 
and  before  the  doping,  respectively.  MImPSu  is  the  molecular  weight 
of  an  ImPSU  repeat  unit  and  DS  is  the  degree  of  substitution  of 
the  attached  chloromethyl  group  estimated  by  1H  NMR.  Here  it 
is  assumed  that  the  doping  acid  inside  the  membrane  consist  of 
85  wt%  phosphoric  and  1 5  wt%  water,  as  reported  for  the  acid  dop¬ 
ing  PBI  membranes  [40]. 

2.3.  Characterizations 

The 1 H  NMR  spectra  of  the  membranes  were  taken  on  a  VARIAN 
Mercury  300M  spectrometer  with  an  internal  standard  of  tetram- 
ethyl  silicane  (TMS)  using  dimethylsulfoxide  (DMSO)-d6  as  the 
solvent.  Thermogravimetric  analysis  (TGA,  Netzsch  STA  409PC)  was 
performed  in  an  air  atmosphere  at  a  heating  rate  of  10°Cmin_1. 
All  the  samples  were  pre-heated  at  120  °C  for  2h  before  testing. 
The  area  and  volume  swellings  of  a  membrane  sample  in  water 
or  an  acid  solution  were  determined  by  measuring  the  membrane 
dimension  before  (DB)  and  after  (DA)  immersion  of  the  sample  for 
an  equilibrium  period  and  calculated  using  Eq.  (2). 

Swelling  (%)  =  Da~Pb  x  100  (2) 

db 

Through-plane  conductivity  measurements  were  carried  out 
in  a  fuel  cell  testing  set-up,  as  described  previously  [41].  The 
membrane  was  sandwiched  between  two  gas  diffusion  electrodes, 
consisting  of  a  layer  of  Pt/C  catalyst  and  a  porous  carbon  substrate, 
and  fixed  by  two  graphite  plates  with  gas  channels.  Two  aluminum 
end  plates  with  heating  elements  and  a  thermocouple  were  used 
for  assembling  the  cell.  A  symmetric  square  wave  current  was  sup¬ 
plied  via  the  gas  diffusion  electrodes  with  a  frequency  between  6 
and  10  kHz,  while  the  voltage  through  the  membrane  was  mea¬ 
sured  using  two  platinum  wires  placed  between  the  catalyst  layer 
and  membrane  on  each  side.  The  water  content  in  the  atmospheric 
air  was  controlled  by  pumping  water,  by  means  of  an  infusion  pump 
(kdS  1 01 ,  KD  Scientific,  USA),  into  the  air  flow  via  an  evaporator.  The 
relative  humidity  was  monitored  by  a  humidity  sensor  (EE30,  E+E 
Elektronic,  Austria)  placed  at  the  outlet  of  the  cell  tubing.  Tensile 
strength  of  the  membranes  was  measured  using  a  vertical  filament 
stretching  rheometer  (Testmetric  Micro  350)  equipped  with  a  heat¬ 
ing  tube  for  measurements  at  elevated  temperatures.  The  initial 
dimension  of  dog-bone  shaped  membrane  samples  was  30  mm  in 
length  and  2  mm  in  width.  Measurements  were  performed  with  a 
constant  separating  speed  of  1 0  mm  min-1  in  a  dry  air  atmosphere. 
The  engineering  stress  was  calculated  by  using  the  initial  sectional 
area  of  the  sample. 

2.4.  Fuel  cell  test 

A  catalyst  ink  was  prepared  by  dispersing  a  carbon-supported 
catalyst  (57wt%  Pt/C,  purchased  from  Johnson  Matthey)  in  a  mix¬ 
ture  of  formic  acid,  PA  and  PBI  (0.5  wt%  PBI).  The  ink  was  sonicated 
for  30  min  and  sprayed  onto  a  non-woven  carbon  cloth  substrate 
with  a  pre-coated  microporous  layer.  The  platinum  loading  was 
about  0.65  mg  cm-2  for  both  anode  and  cathode.  The  membrane- 
electrode  assemblies  (MEAs)  were  fabricated  by  hot  pressing  two 
pieces  of  gas  diffusion  electrodes  on  a  PA  doped  membrane  at  a 
temperature  of  1 50  °C  and  a  pressure  of  65  kg  cm-2  for  a  duration  of 
10  min.  The  active  electrode  area  of  the  MEAs  was  6.3  cm2.  Hydro¬ 
gen  and  air  at  flow  rates  of  100  and  200  mL  min-1,  respectively, 
were  supplied  to  the  fuel  cell  without  any  pre-humidification. 
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Scheme  1.  The  synthetic  procedure  of  imidazolium  polysulfone. 


These  gas  flow  rates  were  much  higher  than  the  stoichiometry  since 
the  fuel  cell  tests  were  performed  in  order  to  evaluate  materials 
and  not  to  optimize  the  cell  operation.  Polarization  curves  were 
obtained  using  current  step  potentiometry. 

3.  Results  and  discussion 

3.1.  Synthesis  of  imidazolium  polysulfones  (ImPSUs ) 

The  synthesized  ImPSUs  were  first  characterized  by  NMR  spec¬ 
trometry.  Fig.  1  shows  the  NMR  spectra  of  PSU,  CMPSU  and  a 
series  of  ImPSUs  in  DMSO-dg.  As  seen  from  the  figure,  changes  in 
the  molecular  structure  were  observed  during  the  synthetic  pro¬ 
cess.  The  'H  NMR  of  PSU  (300 MHz,  DMSO-d6,  5:  pm,  Fig.  1A)  is: 
1.58  (6H),  7.01  (8H),  7.23  (4H),  and  7.85  (4H),  which  is  in  a  good 


Fig.  1.  1 H  NMR  spectra  of  PSU  (A),  CMPSU  (B),  MePSU  (C),  EtPSU  (D)  and  BuPSU  (E) 
polymers. 


agreement  with  the  previous  reports  [32-35].  Compared  with  the 

NMR  spectra  of  PSU  in  Fig.  1A,  the  characteristic  peaks  of  the 
— CH2C1  group,  corresponding  to  the  newly  formed  chloromethyl 
group,  could  be  seen  at  8  =  4.60  (peak  6)  in  Fig.  1 B.  Moreover,  a  new 
peak  ( 5 )  appeared  in  the  aryl  region.  These  peaks  confirmed  the  suc¬ 
cessful  synthesis  of  the  chloromethylated  copolymer  CMPSU  [42]. 

In  Fig.  1 C,  the  appearance  of  peaks  1 2  and  9(5  =  3.66  (3H),  8  =  9.05 
(1H))  clearly  confirmed  the  quaternization  of  the  CMPSU  with  the 
methylimidazole  for  the  MePSU  sample.  In  addition,  the  chemical 
shift  (peak  6)  of  H  in  —  CH2—  of  MePSU  (5  =  5.36)  was  higher  than 
that  of  the  CMPSU  (5  =  4.60),  which  is  probably  due  to  the  more  elec¬ 
trophilic  activity  of  the  imidazolum  group.  Moreover,  the  intensity 
ratio  of  peak  6  (5  =  5.36  (2H,  — CH2— ))  to  peak  12  was  close  to  be 
2:3,  a  number  that  was  matching  well  the  ratio  of  H  atoms  in  the 
original  chloromethyl  group  to  that  in  the  newly  formed  methyl 
imidazolium  group.  Similar  results  were  observed  for  the  EtPSU  and 
BuPSU  as  well,  whose  proton  peaks  were  assigned  in  Fig.  ID  and  E. 
According  to  these  results  of  NMR  characterizations,  the  conversion 
of  the  chloromethyl  group  to  the  imidazolium  group  seems  nearly 
complete  in  the  second  step  and  the  synthetic  process  of  ImPSUs 
proved  to  be  efficient  and  neat. 

According  to  the  integrated  area  of  peak  6  in  Fig.  1  B,  the  degree 
of  substitution  (DS)  of  the  attached  chloromethyl  group  can  be 
estimated  using  Eq.  (3): 

DS  =  -t— ^  x  100%  (3) 

Ah2 

where  AH&  and  are  the  integral  area  of  H6  (5  =  4.60,  proton  in 
— CH2C1)  and  H2  (5  =  7.83,  proton  adjacent  to  —  S02—  group  in  the 
aromatic  ring)  in  the  spectra  for  the  CMPSU.  It  showed  that  the 
CMPSU  possesses  0.8  chloromethyl  group  in  each  repeat  unit  under 
these  synthetic  conditions. 

3.2.  SEM  and  EDX 

The  morphology  of  the  ImPSU  membranes  was  investigated 
using  scanning  electron  microscopy  (SEM)  and  energy  dispersive 
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spectroscopy  (EDS).  The  SEM  images  of  the  MePSU  membrane  sur¬ 
face  revealed  a  dense  and  non-porous  structure  as  shown  in  Fig.  2A. 
The  element  mapping  of  N  as  shown  in  Fig.  2B-D  further  confirmed 
that  the  homogenous  structures  of  the  MePSU,  EtPSU  and  BuPSU 
were  achieved. 

3.3.  Thermal  stability 

Fig.  3  shows  the  TGA  curves  for  the  PSU,  CMPSU  and  ImPSU  sam¬ 
ples.  It  is  seen  that  polysulfone  is  thermally  stable  at  temperatures 
of  up  to  460  °C  in  air,  apparently  due  to  its  rigid  aromatic  struc¬ 
ture  [39].  On  the  contrary,  the  decomposition  temperature  of  the 


Fig.  3.  TGA  curves  of  PSU,  CMPSU  and  ImPSUs  membranes.  All  samples  were  pre¬ 
heated  at  100  °C  for  2  h  before  TGA  scans.  The  heating  rate  was  10  °C  min-1  in  air. 


CMPSU  was  found  to  be  around  300  °C.  Two  decomposition  steps 
were  observed  from  the  TGA  curves  for  the  CMPSU.  The  first  one  in 
a  temperature  range  from  300  to  350  °C  was  attributed  to  the  loss 
of  chloromethyl  groups  whereas  the  second  one  corresponds  to  the 
degradation  of  the  PSU  backbone  according  to  Pan  et  al.  [33]  and 
Zhou  et  al.  [39]. 

In  order  to  eliminate  the  effect  of  the  absorbed  water  in  ImPSU 
samples,  the  samples  were  first  predried  at  120°C  for  2h  before 
the  TGA  curves  were  recorded.  The  ImPSU  membranes  are  known 
to  absorb  water  more  easily  than  PSU  and  CMPSU  do.  As  shown 
in  Fig.  3,  all  of  the  ImPSU  membranes  were  stable  at  temper¬ 
atures  of  up  to  210-220  °C.  There  was  no  evident  difference  in 
the  decomposition  temperature  for  the  MePSU,  EtPSU  and  BuPSU 
samples,  although  the  membranes  contained  different  alkyl  side 
chains  in  the  imidazolium  groups.  A  slight  weight  loss  was  observed 
at  about  250 °C  for  ImPSU,  most  likely  due  to  the  incorporated 
imdazolium  groups  as  reported  for  the  BMIm  incorporated  Nafion 
membranes  [29].  Therefore,  the  pendent  imdazolium  group  has  a 
great  influence  on  the  ImPSU  thermal  property.  The  third  weight 
loss  plateau  at  temperatures  greater  than  350  °C  was  attributed  to 
degradation  of  the  polymer  backbone.  Although  the  imidazolium 
groups  decreased  the  thermal  stability  of  the  membranes  compar¬ 
ing  with  those  of  PSU  and  CMPSU,  the  testing  gave  an  indication  of 
good  thermal  stability  of  ImPSU  membranes  below  200  °C,  which 
is  the  normal  working  temperature  for  PA  doped  membranes  in 
HT-PEMFC,  as  limited  by  the  thermal  stability  of  PA  [2,4,16,20]. 

3.4.  Acid  doping  level 

Fig.  4  shows  variations  of  the  acid  doping  level  of  MePSU,  EtPSU 
and  BuPSU  membranes  as  a  function  of  time  by  immersing  in  85  wt% 
PA  solutions  at  room  temperature.  During  the  first  8  h,  the  acid 
doping  level  of  the  membranes  increased  significantly,  followed  by 
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Fig.  4.  PA  doping  levels  of  ImPSU  membranes  as  a  function  of  time  immersed  in 
85  wt%  phosphoric  acid  at  room  temperature. 


Fig.  5.  The  acid  doping  levels  of  ImPSU  membranes  in  85  wt%  PA  solutions  as  a 
function  of  temperature;  durations  of  doping  are  48  h  and  24  h  at  RT  and  elevated 
temperature,  respectively. 


leveling  off  with  time.  It  seems  that  at  least  24  h  are  needed  to  reach 
equilibrium  during  the  acid  doping  at  room  temperature.  The  acid 
doping  levels  of  these  membranes  were,  however,  falling  in  a  range 
of  1 0-1 1  mol  H3PO4  per  imidazium  group,  with  a  slight  increase  in 
the  order  of  BuPSU,  EtPSU  and  MePSU. 

Table  1  lists  ADLs,  mass  variation  by  water  uptake  and  acid 
doping  (in  mass%  of  dry  membranes)  and  the  swelling  (in  %  on 
basis  of  dry  samples)  of  various  membranes  by  immersing  in  H2O, 
75  wt%  or  85  wt%  PA  solutions,  respectively,  at  room  temperature. 
As  seen  from  the  table,  neither  PSU  nor  CMPSU  membranes  pos¬ 
sess  water  uptake  or  swelling,  showing  the  hydrophobic  nature 
of  both  membranes.  When  imidazolium  groups  were  introduced, 
strong  interactions  of  the  groups  with  phosphoric  acid  as  well  as 
water  were  observed  via  acid-base  reaction  or/and  hydrogen  bond¬ 
ing.  For  imidazolium  membranes,  MePSU,  for  example,  the  water 
uptake  was  found  to  be  about  15%.  In  a  solution  of  75wt%  and 
85  wt%  H3PO4,  the  MePSU  membranes  could  be  doped  to  an  acid 
doping  level  of  6.5  and  11.2,  respectively.  This  behavior  is  very 
similar  to  that  of  PBI  membranes.  The  acid  doping  levels  were,  how¬ 
ever,  slightly  decreased  for  EtPSU  and  BuPSU  membranes,  probably 
due  to  the  increased  steric  hindrance.  Besides,  if  comparing  vol¬ 
ume  expansion  with  areal  expansion,  the  change  percentages  in 
membrane  thickness  are  almost  the  same  as  those  in  membrane 
area  according  to  Table  1.  It  indicated  that  the  swelling  was  almost 
isotropic. 

It  is  interesting  to  note  that  the  volume  swelling  of  MePSU/PA 
membranes  with  an  acid  doping  level  of  around  11  was  found 
to  be  about  99.0%,  i.e.  much  smaller  than  that  of  PBI/PA  mem¬ 
branes  (21 5.4%)  at  the  same  acid  doping  level.  In  order  to  determine 
this  phenomena,  the  molar  free  volumes  and  van  der  Waals  vol¬ 
umes  of  different  types  of  membranes  are  calculated  by  using  the 
method  developed  by  Zhao  et  al.  [43]  and  Li  et  al.  [44].  As  seen 


in  Table  2,  the  calculated  molar  free  volumes  and  van  der  Waals 
volumes  of  ImPSU  membranes  are  much  bigger  than  those  of  PBI 
membranes.  Furthermore,  the  free  volumes  of  MePSU,  EtPSU  and 
BuPSU  increase  with  increased  length  of  the  alkyl  side  chain  in  the 
imidazolium  group.  This  is  probably  because  of  both  the  differ¬ 
ent  nature  between  PSU  and  PBI  polymers,  and  the  incorporated 
imidazolium  groups.  Firstly,  it  is  well  known  that  there  are  strong 
hydrogen  bonds  in  PBI  polymers  while  there  are  not  such  strong 
hydrogen  bonds  in  PSU  polymers.  Secondly,  the  incorporated  imi¬ 
dazolium  groups  caused  a  separation  of  polymer  backbones  and 
created  a  more  free  volume  for  adopting  acid  molecules  upon  dop¬ 
ing.  As  a  consequence,  the  ImPSU  membranes  have  a  high  acid 
doping  level  with  a  minor  dimensional  change.  Similar  results  have 
been  reported  for  PA  doped  composite  membranes  based  on  BMIm 
incorporated  Nation  membranes  [29],  PBI  membranes  containing 
— S(0)2—  and  — C(CF3)2—  bridging  groups  [44]  and  poly(arylene 
ether  ketone)  containing  pendant  quaternary  ammonium  groups 
[45].  Another  interesting  thing  is  that  the  sum  of  the  calculated  free 
volume  and  the  swelling  volume  of  the  acid  doped  membranes  fits 
reasonably  well  with  the  total  volume  of  the  doping  acid  (assumed 
as  85  wt%  PA  with  a  density  of  1 .84  g  cm-1 ). 

The  imidazolium  membranes  can  be  further  doped  to  a  higher 
acid  doping  level  at  elevated  temperatures.  The  acid  doping  levels 
of  MePSU,  EtPSU  and  BuPSU  membranes  in  85  wt%  PA  solutions  as  a 
function  of  temperature  are  shown  in  Fig.  5.  The  acid  doping  level  of 
each  membrane  was  found  to  steadily  increase  with  temperature. 
As  an  example,  the  ADL  of  MePSU  increased  from  1 1 .2  to  1 5.8  as  the 
temperature  was  increased  from  RT  to  80  °C.  Similarly  for  the  EtPSU 
and  BuPSU  membranes.  BuPSU  membranes  exhibited  a  maximum 
doping  level  of  1 8.5  at  80  °C.  This  value  is  in  fact  higher  than  that  of 
meta-PBI  membranes,  which  was  reported  to  be  13-16  mol  H3PO4 
[2]. 


Table  1 

Comparisons  of  the  changes  of  mass  and  area  of  various  membranes  in  H20,  75  wt%  and  85  wt%  of  phosphoric  acid  solutions  at  room  temperature  (N.A.  =  not  available). 


Sample 

85  wt%  PA 

75  wt%  PA 

H20 

ADLa  mol  H3PO4 

Mass,  % 

Area,  % 

Volume  % 

ADLa  mol  H3PO4 

Mass,  % 

Area,  % 

Volume,  % 

Mass,  % 

Volume,  % 

PSU 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

CMPSU 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

MePSU 

11.2 

179.8 

58.6 

99.0 

6.5 

127.5 

34.1 

58.9 

15.6 

N.A. 

EtPSU 

10.7 

168.5 

47.6 

94.7 

6.2 

97.3 

27.3 

58.5 

16.1 

N.A. 

BuPSU 

9.9 

148.8 

42.7 

87.8 

6.1 

95.9 

25.7 

51.7 

15.5 

N.A. 

PBI 

11. 0a 

426.8 

94.9 

215.4 

6.4a 

238.9 

51.6 

136.1 

14.9 

9.3 

a  Here  the  acid  doping  level  (ADL)  of  PBI  membranes  is  defined  as  the  number  of  phosphoric  acid  molecules  per  PBI  repeat  unit  (containing  two  active  N  sites).  This  is, 
however,  compared  with  the  ADL  of  ImPSU  membranes,  which  is  defined  as  the  number  of  phosphoric  acid  molecules  per  imidazolium  group  in  the  polymer  (containing 
one  active  N  site). 
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Table  2 

Calculation  of  molar  free  volume  of  different  types  of  membranes. 
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PBI 

PSU 

MePSU 

EtPSU 

BuPSU 

Polymer  density  (gem-3,  measured) 

1.33 

1.25 

1.31 

1.28 

1.27 

Molar  mass  (gmol-1 ) 

308 

442 

573 

587 

615 

Molar  volume  (cm3  mol-1 ,  measured) 

232 

354 

437 

459 

484 

van  der  Waals  volume,  (cm3  mol-1,  calculated) 

164 

242 

307 

318 

339 

Molar  free  volume  (cm3  mol-1 ) 

68 

112 

130 

141 

145 

Acid  doping  level  (mol  PA) 

11.0 

- 

11.2 

10.7 

9.9 

Volume  swelling,  (%) 

215 

- 

99 

95 

88 

Free  volume  +  swollen  volume,  (cm3  mol-1  polymer) 

565 

- 

563 

576 

571 

Total  acid  volume  (cm3  mol-1  polymer) 

588 

- 

598 

572 

529 

3.5.  Conductivity 

Fig.  6  shows  the  proton  conductivity  of  acid  doped  MePSU,  EtPSU 
and  BuPSU  membranes  as  a  function  of  temperature  at  15mol% 
water  vapor  in  air.  As  a  reference  membrane,  conductivities  of 
mPBI/1 1 .0  PA  are  given  as  well.  As  seen  from  the  figure,  all  investi¬ 
gated  acid  doped  ImPSU  membranes  exhibited  conductivities  more 
than  0.01  Son-1  at  temperatures  above  100°C.  A  steady  increase 
in  the  conductivity  with  temperature  was  observed  for  all  three 
membranes.  At  similar  acid  doping  levels,  the  ImPSU  membranes 
exhibited  a  very  similar  conductivity  as  that  of  the  PBI  membrane. 
For  example,  at  an  acid  doping  level  of  around  1 1 ,  the  MePSU  mem¬ 
brane  displayed  a  conductivity  of  0.022  S  cm-1  whereas  the  PBI 
membrane  of  0.023  S  cm-1  at  150°C  and  15mol%  water  vapor  in 
air  as  seen  in  Fig.  6.  In  addition,  conductivities  of  PA  doped  MePSU 
membranes  increased  with  increased  acid  doping  level  at  the  same 
temperature  as  seen  from  Fig.  6.  The  same  phenomenon  was  also 
observed  for  both  PA  doped  EtPSU  and  BuPSU  membranes  (data 
was  not  given  in  Fig.  6).  This  suggests  that  the  conductivity  of  mem¬ 
branes  is  primarily  dependent  on  the  acid  doping  level  while  the 
methyl,  ethyl  and  butyl  imidazolium  groups  in  the  membranes  are 
of  little  significance  for  the  conductivity.  Nevertheless,  the  imida¬ 
zolium  groups  play  a  critical  role  for  the  acid  doping  via  acid-base 
reactions  or/and  the  hydrogen  bonding  network  and  therefore  for 
the  conductivity. 

The  temperature  dependence  of  the  membrane  conductivity 
varies  with  the  acid  doping  level  and  the  atmospheric  humidity 
[41].  The  effect  of  atmospheric  humidity  at  temperatures  above 
140  °C  is  more  complicated  because  dehydration  of  the  doping 
phosphoric  acid  is  involved  [14].  As  seen  in  Fig.  6,  the  conductiv¬ 
ity  was  increasing  slowly  with  temperature  when  the  atmosphere 


was  dry.  By  adding  15  mol%  water  vapor  in  air,  a  large  increase  of 
the  conductivity  with  temperature  was  observed  for  all  acid  doped 
ImPSU  membranes.  Similar  trends  were  observed  for  acid  doped 
PBI  membranes  [14].  For  ImPSU  membranes  with  an  acid  doping 
levels  of  9.9-16.3  mol,  the  activation  energy  of  conductivity  was 
estimated  to  be  20-24  kj  mol-1  for  a  temperature  range  from  100 
to  150°C,  in  good  agreement  with  acid  doped  PBI  membranes  [14] 
as  well  as  many  other  proton  conducting  materials  with  the  Grot- 
thuss  mechanism,  as  summarized  by  Colomban  and  Novak  [46]. 
It  should  be  noted  that  the  measured  through-plane  conductivity 
appears  slightly  lower  than  the  reported  in-plane  conductivity  for 
acid  doped  PBI  membranes  [47].  In  the  former  case,  the  membrane 
sample  is  sandwiched  between  two  gas  diffusion  electrodes  while 
in  the  latter  the  membranes  are  directly  exposed  to  the  atmosphere 
and  free  to  expand  up  on  heating.  In  both  situations  the  membrane 
conductivity  is  calculated  based  on  the  initial  dimension  at  room 
temperature. 

3.6.  Mechanical  property 

The  tensile  strength  results  of  acid  doped  ImPSU  membranes 
measured  at  room  temperature  are  shown  in  Fig.  7,  where  the 
results  of  the  undoped  ImPSU  membranes  were  shown  in  the 
inserted  figure.  As  found  for  acid  doped  PBI  [21,48],  the  dop¬ 
ing  acid  molecules  reduced  the  tensile  strength  but  increased  the 
elongation  of  the  membranes.  Before  acid  doping,  the  MePSU  mem¬ 
branes,  for  example,  exhibited  a  tensile  strength  of  50.3  MPa  and 
an  elongation  of  3%  at  room  temperature.  When  doped  at  a  level 
of  11.2,  the  tensile  strength  was  decreased  to  16.5  MPa  whereas 
the  elongation  was  increased  to  160%.  It  is  well  known  that  the 
mechanical  strength  of  the  membranes  results  from  attractive 
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Fig.  6.  Conductivities  of  acid  doped  ImPSU  and  PBI  membranes  as  a  function  of 
temperature.  The  acid  doping  levels  of  the  membranes  are  indicated  in  the  figure; 
the  water  vapor  concentration  in  air  is  around  15  mol%. 


Fig.  7.  Mechanical  properties  of  acid  doped  ImPSU  membranes  at  room  temperature 
with  acid  doping  levels  indicated  in  the  figure.  The  inserted  figure  is  for  the  undoped 
ImPSU  membranes  at  the  same  temperature. 
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Current  density  (mA  cm  2) 

Fig.  8.  Polarization  curves  of  fuel  cells  using  hydrogen  and  air  at  temperatures  of 
130  and  150°C  based  on  phosphoric  acid  doped  ImPSU  and  PBI  membranes.  The 
electrodes  were  prepared  using  57  wt%  Pt/C  catalysts  with  a  platinum  loading  of 
0.65  mg  cm-2.  All  the  membranes  were  doped  to  an  acid  doping  level  of  10-11  mol 
PA. 


forces  between  polymer  molecules,  including  dipole-dipole  inter¬ 
action  (and  hydrogen  bonding),  induction  forces,  dispersion  or 
London  forces  between  non-polar  molecules  [48].  After  acid  dop¬ 
ing,  the  phosphoric  acid  increases  the  space  between  the  polymer 
chains,  which  in  turn  reduces  the  intermolecular  forces  and  con¬ 
sequently  deteriorate  the  mechanical  strength  of  the  membranes. 
On  the  other  hand,  the  increased  temperature  also  results  in  a 
decreased  mechanical  strength  of  the  membranes.  For  example,  the 
tensile  strengths  of  MePSU/1 1.2PA,  EtPSU/10.7PAand  BuPSU/9.9PA 
membranes  were  5.2  MPa,  5.1  MPa  and  5.6  MPa  at  130  °C  under  dry 
air  with  ambient  humidity,  respectively. 

3.7.  Fuel  cell  performance 

Fig.  8  shows  the  polarization  curves  of  fuel  cells  using  hydrogen 
and  air  at  different  temperatures  when  PA  doped  MePSU,  EtPSU 
and  BuPSU  membranes  were  used,  and  the  result  of  PBI/11.0PA 
at  the  same  testing  condition  was  also  given  as  a  reference.  All 
MEAs  with  different  ImPSU  membranes  showed  increased  fuel 
cell  performance  with  increasing  temperature,  apparently  due  to 
the  improved  electrode  kinetics  and  membrane  conductivity.  For 
example,  the  calculated  peak  power  density  of  the  MEA  based  on 
the  EtPSU  membrane  with  an  acid  doping  level  of  1 0.7  was  found  to 
be  204  mW  cm-2  at  1 50  °C,  as  compared  to  1 72  mW  cm-2  at  1 30  °C. 
The  open  circuit  voltages  at  150°C  were  found  to  be  0.94  V,  0.86  V 
and  0.96  V  for  the  acid  doped  MePSU,  EtPSU  and  BuPSU  membranes, 
respectively,  showing  dense  membranes  with  reasonably  low  gas 
permeability. 

The  three  membranes  of  MePSU/1 1.2PA,  EtPSU/10.7PA  and 
BuPSU/9.9PA  had  peak  power  densities  of  196,  204  and 
175mWcm-2  at  150°C,  respectively.  From  the  linear  region  of 
the  polarization  curves  in  Fig.  8,  the  specific  cell  resistance  was 
obtained  and  assumed  to  be  primarily  attributable  to  the  mem¬ 
brane,  from  which  the  membrane  conductivity  was  estimated  to  be 
about  0.009-0.01  S  cm-1  for  the  three  membranes  at  1 50  °C.  This  is 
slightly  lower  than  that  one  could  read  from  Fig.  6.  As  a  reference, 
the  polarization  curve  using  PBI/11.0PA  membrane  was  also  mea¬ 
sured,  giving  a  peak  power  density  of  256mWcm-2  at  150°C,  i.e. 
slightly  higher  than  those  of  acid  doped  ImPSU  membranes  as  seen 
in  Fig.  8.  Part  of  the  reason  could  be  that  the  used  gas  diffusion 
electrode  was  made  for  PBI  membranes,  i.e.  with  PBI  as  the  catalyst 
binder  (0.07  mg  cm-2 ).  Further  optimization  on  the  membrane  and 


electrodes  should  be  done  in  order  to  improve  the  overall  fuel  cell 
performance. 

4.  Conclusions 

Chloromethylated  polysulfone  (CMPSU)  was  synthesized,  onto 
which  alkyl  imidazoles  i.e.  methyl  (MePSU),  ethyl  (EtPSU)  and  butyl 
(BuPSU)  imidazoliums  were  introduced  by  quaternization. 1 H  NMR, 
EDX  and  TGA  characterizations  confirmed  the  successful  reactions 
and  the  obtained  polymer  membranes  were  thermally  stable  at 
temperatures  of  above  200  °C.  The  imidazolium  groups  provide 
functional  sites  in  the  macromolecular  chain  for  the  acid-base 
interaction  and  doping  with  phosphoric  acid  is  therefore  achieved. 
The  acid  doping  process  was  investigated  by  using  phosphoric  acid 
of  different  concentrations  at  room  as  well  as  elevated  tempera¬ 
tures.  The  acid  doped  imidazolium  polysulfone  membranes  were 
characterized  by  swelling,  conductivity  and  mechanical  strength 
measurements.  At  an  acid  doping  level  ranging  from  10  to  11,  the 
membranes  showed  an  area  swelling  of  40-60%,  a  proton  conduc¬ 
tivity  of  0.01 5-0.022  S  cm-1  at  130-1 50  °C  and  a  tensile  strength 
of  1 5-1 6  MPa  at  room  temperature  and  5-6  MPa  at  1 30  °C,  respec¬ 
tively.  Fuel  cell  tests  were  performed  without  optimizing  the  gas 
diffusion  electrodes,  showing  an  open  circuit  voltage  as  high  as 
0.96  V.  At  1 50  °C  with  unhumidified  hydrogen  and  air,  the  fuel  cells 
based  on  three  types  of  acid  doped  imidazolium  polysulfone  mem¬ 
branes  exhibited  a  peak  power  density  of  175-204  mW  cm-2  under 
ambient  pressure. 
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